Vegetation and quantitative climate reconstructions from a northwestern France shelf core (VK0358Bis) show orbital and suborbital climate variability for the last 8850 years in this region. A long-term cooling trend in summer temperatures, marked by gradual temperate and humid forest decline, parallels cooling in Greenland and the decrease of mid-latitude summer insolation reduction until at least 2000 cal. yr BP. At the long-term scale, the lowering in seasonal contrast revealed by vegetation changes follows the increase of precession. Corylus woodlands spread at the expense of deciduous Quercus forest, between 8740 and 8390 cal. yr BP, linked with the high seasonality conditions that, counterbalancing the long-term astronomical forcing trend, were amplified by the north Atlantic high-latitudes winter sea-ice expansion. High seasonality conditions resulted from the Agassiz and Ojibway final outburst episodes and consequent gradual reduction of the Meridional Overturning Circulation (MOC). Between 8390-8060 cal. yr BP, a sudden Corylus woodland decline marks the 8.2 kyr cold event in northwestern France probably triggered by the severe MOC reduction leading to the additional drop in winter temperature over Europe and Greenland. Nonetheless, seasonality remains high during this interval. The high seasonality conditions detected in 'VK03-58Bis' between 8740 and 8060 cal. yr BP reflects the multicentennial-scale climate cooling 8.6-8.0 kyr episode of the North Atlantic. Following the Agassiz and Ojibway final outburst episodes, climate became more stable. However, millennial-scale climate cooling episodes are recorded in 'VK03-Bis' and are characterized by weak winter cooling and increases in precipitation. Furthermore, dinocyst analysis and benthic gastropod Turritella communis occurrences indicate regional changes such as the southward migration of the Boreal biogeographical zone between 8740 and 8480 cal. yr BP and the subsequent opening of the English Channel at around 8480-8390 cal. yr BP.
Introduction
For a long time the Holocene interglacial has been considered a period of stable climate. However, many studies have shown that superimposed on the orbitally-induced long-term cooling (e.g. Kutzbach and Gallimore, 1988; Crucifix et al., 2002; Marchal et al., 2002; Renssen et al., 2005; Lorenz et al., 2006) suborbital millennial scale climate variability has affected this interglacial (e.g. Denton and Karlén, 1973; Barber et al., 1994; O'Brien et al., 1995; Bond et al., 1997; Hughes et al., 2000; Langdon et al., 2003; Mayewski et al., 2004) . The most extreme short-lived cold episode noticed in the Greenland Ice cores (O'Brien et al., 1995; Alley et al., 1997; Muscheler et al., 2004) , known as the "8.2-kyr-BP event" and lasting 100-200 years, has been detected elsewhere in several climate proxy data from the North Atlantic marine deep-sea cores (Bond et al., 1997; Bianchi and McCave; and from the European continent (e.g. Klitgaard-Kristensen et al., 1998; Von Grafenstein et al., 1998; Nesje and Dahl, 2001; Tinner and Lotter, 2001; Baldini et al., 2002; Magny et al., 2003; Veski et al., 2004) . The causes triggering the "8.2 event" have been strongly debated over the last decade. Some authors suggest that this event results from changes in solar activity (Bond et al., 2001; Van Geel et al., 2003) while others from freshwater pulses (Barber et al., 1999; Von Grafenstein et al., 1999; Rind et al., 2001; Alley et al., 2003) . The fact that this event is more prominent in the North Atlantic region, that it follows two outburst flooding episodes, and that the existing similarities between reconstructed anomaly patterns and patterns expected following a North Atlantic freshening seem to favour the freshwater pulse mechanism as the major trigger for the 8.2 event (Alley and Ágústsdóttir, 2005) . Two recent publications Pälike, 2005 and Ellison et al., 2006) suggest that the 8.2 kyr event occurred within a long climate cooling anomaly of multi-centennial-scale, between 8600 and 8000 years ago. This long-lived episode has been previously noticed by a dust supply increase in GISP2 ; a decrease of sea surface temperatures (SST) in the North Atlantic (Risebrobakken et al., 2003; Knudsen et al., 2004; Keigwin et al., 2005) and a decrease of annual temperature from a few northern European pollen sequences (Seppä and Poska, 2004) which the authors usually associate with the short-lived 8.2 kyr event. Besides the 8.2 kyr event, most of the northern European pollen sequences from Estonia and Sweden detect a Holocene Thermal Maximum (HTM) (Seppä and Poska, 2004; Seppä et al., 2005) between 8 000 and 4 000 cal yr BP. So far, no studies have shown the vegetation response either to orbitally-induced long-term cooling or to sub-orbital millennial scale climate variability other than the extreme 8.2 kyr event in western France during the Holocene. The aim of this study is therefore to test whether longer and shorter-term climatic variability, involving the 8.2 kyr event and the 8.6-8.0 kyr episode, has affected this region. Towards this aim, we have performed palynological analyses (pollen and dinocysts) and pollen-derived quantitative climate reconstructions from a shelf core "VK03-58Bis" retrieved in the "Grande Vasière" of the Bay of Biscay. This core gives an integrated image of the past regional vegetation and, therefore, the climate of western France. This region is particularly sensitive to hydrological changes of the North Atlantic Drift (Rahmstorf, 2002) .
Environmental Setting
The Bay of Biscay presents a 300 km wide continental shelf in it's north-westernmost area and becomes narrow with a steep slope further south (30 km wide) (Figure 1 ). This shelf is composed of two small and one large open-shelf mud patches: the W and S Gironde shelf mud fields and the "Grande Vasière" (Allen and Castaing, 1977) . According to McCave's classification the "Grande Vasière" is a mid-shelf mud belt (McCave, 1972) . The "Grande Vasière" is large (more than 225 km length and 40 km wide), located between 80 to 110 m water depth and presents an annual mean sedimentary rate of 0.1-0.2 cm yr -1 (Lesueur et al., 2001) (Figure 1 ). Shelf upkeep depends essentially on: a) continental supply by nepheloid layers (Jouanneau et al., 1999; Lesueur et al., 2001 ); b) wave action (Pinot, 1974) and hydrology, and c) sea level changes (Lesueur and Klingebiel, 1976) . The "Grande Vasière" rests over two sandy units and consists of a thin (few decimetres) Holocene feature of muddy autochthon sand (Bourillet et al., 2002) . The present day spreading of sediments to the shelf is also influenced by re-suspension and redistribution of the sediments during storm episodes and under the effects of trawling nets (Bourillet et al., 2006) . The shelf is nourished by fine grained sediments released essentially by the Gironde and Loire rivers and to a lesser extent by the Adour, Vilaine and Charente (Castaing and Jouaneau, 1987) . The Gironde and Loire rivers have large catchment areas (including the Massif Central and the Pyrenees zones) recruiting pollen grains from most of the western part of France. Indeed, previous works on world wide coastal zones with complex fluvial systems have shown that pollen grains after being produced and initially dispersed by the wind are mainly transported to the sea by rivers and streams (Muller, 1959; Bottema and Van Straaten, 1966; Peck, 1973; Heusser and Balsam, 1977; Naughton et al., 2007) . Experimental studies on pollen from the French margin have shown that river systems are mainly responsible for pollen input into the sea and that the marine pollen signature reflects an integrated image of the regional vegetation of the adjacent continent (Turon, 1984) . Furthermore, westerly prevailing winds probably impede direct airborne transport of pollen seaward.
Mean annual precipitation (PANN) over the river basins which represent the pollen catchment area for core "VK03-58Bis" varies from 1000 mm in the westernmost part to 600 mm in the eastern zone. Regions at high altitudes, such as the Massif Central are characterised by more than 2200 mm of PANN while the Pyrenees vary from 2000 mm in the western part to 1000 mm in the eastern zone. Present-day annual temperature is 13°C in western France (data from French public Agency: "Meteo france"). The oceanic, mild and humid climate of western France allows the development of a temperate deciduous and warm mixed forest mainly composed of deciduous Quercus (Q .pedunculata, Q. pubescens and Q. sessiflora) with some scattered evergreen Quercus (Q. ilex), cork oak (Q. suber) as well as elm (Ulmus) and ash (Fraxinus) associations. Littoral zones are mainly composed of cluster pine (Pinus pinaster) and gorses (Ulex). There are also beech (Fagus) and hornbeam (Carpinus) woodlands at higher altitudes.
Material and methods

Core "VK03-58Bis"
The 2.72 m long core, "VK03-58Bis", was retrieved at 96.8 m water depth in the "Southwest-Glénan" sector of the "La Grande Vasière" mud patch (47°36' N and 4°08' W) using a vibrocorer during the "Vibarmor" oceanographic cruise (integrated in the "Défi Golfe de Gascogne" Ifremer programme) ( Figure  1 ). The "Glénan" sector is one of the end members of the "Grande Vasière" and is composed of 3 m of sediments with high percentages of fine material (greater than 80%). Core description and sedimentological analyses including micro-granulometry, calcimetry, x-ray (SCOPIX image-processing; Migeon et al., 1999) and benthic gastropod Turritella communis counts were performed by Folliot (2004) .
Radiometric dating
Five accelerator mass spectrometer (AMS) 14 C dates on T. communis were obtained in the Poznan Radiocarbon Laboratory (Poland) (Bourillet et al., 2005) , indicating that the "VK03-58Bis" sedimentary sequence covers the last 8 850 years (Table I) . T. communis dated levels from twin cores, "VK03-58" (47°36' N, 4°08' W; 97.3 m water depth) and "VK03-59Bis" (47°38' N, 4°09' W; 94.6 m water depth), were correlated with that of core "VK03-58Bis" for the age model construction (Figure 2 ). All AMS 14 C dated levels were calibrated using CALIB Rev 5.0 program and the "global" marine calibration dataset (marine 04.14c) (Stuiver and Reimer, 1993; Hughen et al., 2004; Stuiver et al., 2005) . This dataset uses the global marine age reservoir correction (R) of 400 years. For accommodating local effects, we have introduced the difference Δr (of about 3 years) in reservoir age of the Bay of Arcachon (France), the closest area to our core, as suggested by Stuiver et al. (2005) . We used the 95.4% (2 sigma) confidence intervals and their relative areas under the probability curve as well as the median probability of the probability distribution (Telford et al., 2004) as suggested by Stuiver et al. (2005) .
Pollen and dinocyst analyses
Multiple samples for pollen and dinocyst analyses (42 and 15 samples, respectively), were collected with a sample spacing of 4 to 8 cm throughout "VK03-58Bis" sedimentary record. The treatment used for palynological analysis followed the procedure described by de Vernal et al. (1996) , slightly modified at the UMR CNRS 5805 EPOC (Unité mixte de Recherche 5805, Centre National de la Recherche Scientifique/Environnement et Paléoenvironnements Océaniques) (Desprat, 2005) . Chemical digestion using cold HCl (at 10%, 25% and 50%) and cold HF (at 40% and 70%) were applied to eliminate carbonates and silicates. A Lycopodium spike of known concentration was added to each sample to calculate pollen concentrations. The residue was sieved through 10 µm nylon mesh screens (Heusser and Stock, 1984) and mounted in bidistillate glycerine. Pollen and cysts were identified and counted using a Zeiss microscope with x550 and x1250 (oil immersion) magnifications, the last one only applied for pollen analysis. At least 100 pollen grains (excluding Pinus, aquatic plants and spores) and at least 15 pollen types were counted. Pinus pollen is usually over-represented in marine deposits and therefore is often excluded from the main sum (Heusser and Balsam, 1977; Turon, 1984) . However, it is known that the percentages of this taxa increase seaward although total pollen content decreases (Muller, 1959; Bottema and Van Straaten, 1966; Groot and Groot, 1966; Koreneva, 1966; Van der Kaars and de Deckker, 2003) . Because the site location is close to the present-day coast line we assume that Pinus pollen percentages are not over-represented in this core and, therefore, Pinus pollen grains have not been excluded from the main pollen sum. Pollen percentages of each taxa were calculated based on the main pollen sum that excludes aquatic plants, pteridophyte spores and indeterminable pollen. 57 to 424 cysts were counted and interpreted by comparison with modern dinoflagellate cyst distributions (de Vernal et al., 1998; Rochon et al., 1999) .
Pollen-based quantitative climate reconstruction
Quantitative climate reconstruction of north-western of France for the last 8850 years was obtained by applying the modern analogue technique (MAT) (Guiot et al., 1989; Guiot; to the "VK03-58Bis" pollen sequence. This method is based on a modern pollen assemblage dataset including 1328 pollen spectra from Europe, Eurasia and North Africa (Peyron et al., 1998; Peyron et al., 2005) , and it selects the 5 modern pollen assemblages closest to the fossil pollen spectra. These 5 analogues present the smallest chord distance (Guiot, 1990) representing the best modern analogues for a given fossil pollen spectrum and, therefore, the best samples for the estimation of climatic parameters. Climate parameter estimates are obtained by taking a weighted average of the values for all selected best modern analogues which represents the inverse of the chord distance. Each modern analogue sample is associated with several climate parameters which have been previously interpolated from meteorological stations by using an Artificial Neural Network (ANN) technique (Peyron et al., 1998) . The parameters selected for climate reconstruction of north-western France are: TANN (mean annual temperatures); PANN (mean annual precipitation) and the difference between the temperature of the warmest (MTWA) and the coldest (MTCO) months (seasonality). These climate parameters are understood to play a prominent role on the distribution of the vegetation and related pollen assemblages .
Results
Lithostratigraphy and age model
"VK03-58Bis" is characterised by a homogenous silt sequence marked between 210 and 150 cm by a level containing T. communis ( Figure 3 ). Between 210 and 160 cm this T. communis community presents all the characteristics of a biocenose: the shells are deposited in life position; both young and adult specimens are present within the same level; they do not present any evidence of shelf destruction by transport. Between 160 and 150 cm, there is an increase in T. communis abundance, and in contrast with the underlying level they are not in life position. This indicates a drastic change in the environmental conditions which probably resulted in their mortality. The age obtained from the bottom of this layer in "VK03-58Bis" shelf core is 7630 yr BP (c. 8480 cal yr BP). This single drastic episode has also been observed in the twin cores: "VK03-58" dated at the bottom (7690 yr BP; 8545 cal yr BP) and "VK03-59Bis" (at 4 km of distance) between 7520 and 7700 yr BP (c. 8380-8550 cal yr BP) (Table I) . Considering the shortness of this drastic T. communis mortality episode we can assume that this event has been synchronous in the three cores and, therefore level 150 cm in "VK03-58Bis" can be correlated with the top of that layer dated at 7520 (c. 8380 cal yr BP) in core "VK03-59Bis" (Figure 2 ). Because there is no sedimentological evidence (no erosional surfaces from the RX data and continuous grain size decrease) for a hiatus phase after this drastic episode in our core, we decided to reject the date obtained for level 149 cm which seems too young (6620 yr BP, c. 7510 cal yr BP) when compared with the age limits of the Turritella layer of the twin cores. Furthermore, the pollen record of "VK03-58Bis" shelf core clearly shows the same vegetation succession recorded by continental sequences from both the Massif Central and the Pyrenees confirming that there are neither regional pollen zones missing nor sedimentological gaps.
Evolution of dinocyst assemblages
Dinocyst analysis performed in "VK03-58Bis" between 262 and 98 cm shows a unique assemblage essentially composed of: Lingulodinium machaerophorum, Operculodinium centrocarpum, and several species of Spiniferites (Spiniferites lazus, Spiniferites bentorii, Spiniferites spp., Spiniferites ramosus, Spiniferites mirabilis, Spiniferites membranaceus, Spiniferites delicatus, Spiniferites bulloideus, Spiniferites belerius, Spiniferites elongates). Spiniferites dominates the dinocyst associations between 262 and 180 cm and is replaced by Lingulodinium machaerophorum between 180 and 160 cm. A drastic decrease in Lingulodinium machaerophorum is detected between 160 and 150 cm contemporaneous with the T. communis mortality episode. Finally, and above 150 cm, all species are replaced by Lingulodinium machaerophorum which again completely dominates the dinocyst assemblages (Figure 3 ).
Vegetation succession and quantitative climate reconstruction
Pollen analysis of the "VK03-58Bis" shelf core records eight main pollen zones (numbered from the bottom to the top and prefixed by the abbreviated sequence name "VK03-58Bis") ( Figure 3 ). The establishment of these 8 pollen zones has been performed by using qualitative fluctuations of a minimum of 2 curves of ecologically important taxa (Pons and Reille, 1986) . To delimit each pollen zone chronologically, we have used interpolated ages assuming a constant sedimentary rate between two consecutive dated samples. Figure 4 shows the percentage curves of selected pollen taxa plotted together with the curves of climatic parameter estimates (PANN, MTCO, MTWA, Seasonality and TANN). The first pollen zone (VK03-58Bis-1), 266-245 cm, (c. 7900-7870 yr BP; c. 8855-8810 cal yr BPextrapolated age assuming the same sedimentary rate as that obtained between 226 and 177 cm) reflects a Pinus and deciduous Quercus forest with Corylus and Ulmus (Figure 3 ). Quantitative climate reconstruction shows that TANN and PANN values are 3 to 2°C and 200 mm lower (10-11°C, 600 mm), respectively, than present day values (13°C, 800 mm) (Figure 4 ). The expansion of deciduous Quercus forest associated with the slight spread of Corylus, Betula and Ulmus and the gradual contraction of pine are indicated by VK03-58Bis-2 pollen zone (245-215 cm, c. 7870-7820 yr BP; c. 8810-8740 cal yr BP) (Figure 3 ). This pollen zone also suggests the presence of scattered pockets of Acer, Fraxinus excelsior-type, Alnus and Tilia. Climatic reconstruction estimates an increase of precipitation (150-200 mm), a decrease of seasonality ( ΔS (summer-winter) =5°C) and a slight cooling in summer by 4°C (Figure 4) . In several French continental sequences such as those from the Pyrenees and the Massif Central, the first occurrence of Tilia has been recorded later, at the beginning of the Atlantic period (7500-5000 yr BP; c. 8320-5730 cal yr BP) (Reille, 1990a; de Beaulieu et al., 1984) . However, other sequences such as that of the Soucarat in the Eastern Pyrenees records the appearance of Tilia earlier, at around 7740±180 yr BP (8575 cal yr BP) (Reille and Andrieu, 1994) . Tilia has been also detected earlier (before 7800 yr BP; 8700 cal yr BP) in several central-European pollen sequences such as Soppensee and Bibersee (Switzerland), Schleinsee (Germany) (Tinner and Lotter, 2001; and in northern European sequences such as those of Raigastvere, Viitna, Rõuge, Ruila (Estonia) (Seppä and Poska, 2004; Veski et al., 2004) .
The next pollen zone, VK03-58Bis-3 (215-151 cm, c. 7820-7530 yr BP; c. 8740-8390 cal yr BP) reflects the maximum expansion of Corylus associated with the contraction of the deciduous Quercus forest. This suggests an important increase of seasonality between 8700 and 8200 cal yr BP that is supported by climate estimates (Figure 3 and 4) . In recent decades, several hypotheses have been proposed for explaining the rapid expansion of Corylus in Europe during the early Holocene. These hypotheses have included: forest succession and soil development, different rates of spread and physical barriers causing migrational lags, the geographical position of glacial refugia, late glacial expansion, woodland management by Mesolithic immigrants and finally, climate conditions. Huntley (1993) has reviewed these hypotheses suggesting that the early Holocene Corylus expansion was most likely the result of climate conditions, supporting our interpretation. Furthermore it is widely known that Corylus competed against deciduous Quercus trees mostly during the early Holocene in southern Europe (Tallantire, 2002) . Corylus is a light-demanding tree and its expansion is favoured by forest openings (Bradshaw and Hannon, 2004) . In addition, Corylus is considered to be one tolerant climate species supporting high seasonality conditions (Tallantire, 2002) . In French continental sequences, the maximum expansion of Corylus has been also documented at around the same period (9000-8000 yr BP; c. 10190-8870 cal yr BP) (de Beaulieu et al., 1984; Reille and Andrieu, 1991; Reille and Lowe, 1993) . Nevertheless, other Pyrenean sequences (de Beaulieu et al., 1984; Reille and Andrieu, 1991; 1995; Reille, 1990b; Reille and Lowe, 1993) provide evidence for a longer period of Corylus optimum extent. VK03-58Bis-3 pollen zone also records a Pinus forest re-expansion. Betula and Ulmus are consistently present and there are sporadic occurrences of Alnus, Fraxinus excelsior-type and Tilia. Occurrences of Fagus at c. 8650 and 8450 cal yr BP reflect a slight decrease in seasonality and temperatures within the period of high seasonality that characterises VK03-58Bis-3 pollen zone. VK03-58Bis-4 pollen zone (151-147 cm, c. 7530-7240 yr BP; c. 8390-8060 cal yr BP) is marked by a drastic reduction of Corylus woodlands and an increase of Pinus forest along with the maintaining of deciduous Quercus forest (Figure 3 ). Climate estimates show that the onset of seasonality decrease coincides with the Corylus minimum extent at around c. 7430 yr BP (c. 8270 cal yr BP) (Figure 4 ). This episode of Corylus decline has been also observed in several central-European (Soppensee and Bibersee in Switzerland and Schleinsee in Germany; Tinner and Lotter, 2001; and northern European pollen sequences (Raigastvere, Viitna, Rõuge, Ruila in Estonia and Lake Flarken in Sweden (Seppä and Poska, 2004; Veski et al., 2004; Seppä et al., 2005) . Corylus deflection has been interpreted as the vegetation response to the well known 8.2 ka cooling event. Deciduous Quercus forest attained its maximum expansion in the following period (VK03-58Bis-5 pollen zone, 147-102 cm, c. 7240-3290 yr BP; c. 8060-3620 cal yr BP) suggesting a change in climate to milder (reduced seasonality) conditions as the result of MTCO increase (Figures 3 and 4) . These conditions, together with an increase of precipitation, favoured the establishment of Alnus, Ulmus, Tilia, Fraxinus excelsior-type and Fagus trees in western France. The next zone, VK03-58Bis-6 (102-55 cm, c. 3290-1750 yr BP; c. 3620-1950 cal yr BP), indicates the slight contraction of deciduous Quercus forest, the expansion of Fagus and the gradual increase of herbaceous plants. The slight decrease of MTWA and the increase of MTCO lead to this vegetation dynamic in which the Fagus spread has been probably favoured by weak seasonality and high precipitation (Figure 4) . In almost all the continental French sequences, Fagus spread occurred between 4500-4000 and 2000 years BP (5000-4400 and 2150 cal yr BP) coinciding with the beginning of the oak forest decline (Reille and Lowe, 1993; Reille and Andrieu, 1995; Reille et al., 2000) . In our "VK03-58Bis" pollen record, the first occurrence of Fagus is recorded at around 8650 and 8450 cal yr BP. Several occurrences were detected during and after the Corylus regression episode. The beginning of a continuous presence of Fagus occurred at around 4350 yr BP (c. 4810 cal yr BP) just after the Corylus regression although its maximum expansion started later (c. 3290 yr BP; c. 3620 cal yr BP). Tinner and Lotter (2001; based on pollen analysis from Soppensee and Bibersee (Switzerland) and Schleinsee (Germany) suggest, as with our sequence, that Fagus expands after the episode of Corylus deflection, favoured by more humid summer conditions and less extreme seasonality. VK03-58Bis-7 pollen zone (55-24 cm, c. 1750-730 yr BP; c. 1950-850 cal yr BP) still shows the gradual reduction of deciduous Quercus forest and the maximum expansion of Poaceae. Fagus is still present in this pollen zone until c. 1060 yr BP (c. 1210 cal yr BP) (Figure 3) . The continuous presence of Cerealia type, Juglans and Castanea testifies to agricultural practices at around 2000 years ago in western France. In the last pollen zone, VK03-58Bis-8 (upper 24 cm, last c. 730 yr BP; c. 850 cal yr BP) there is a strong increase of Pinus, heathlands and herbaceous plants, mainly Taraxacum and Cyperaceae. Deciduous Quercus forest decrease and Fagus virtually disappears from this region. Climate estimates for the last two pollen zones are complex, reflecting a huge increase of the annual temperature in particular over the last millennia.
Climate variability in north-western France
Long-term cooling pattern and the Holocene thermal maximum
Vegetation changes and pollen-based quantitative climate estimates permit the detection of a smallamplitude long-term pattern of summer temperature decrease between 8850 and 2000 yr cal BP. The long-term cooling is marked by a general trend of temperate and humid tree decline and by the increase of herbaceous plants. This long-term cooling is characterised by the gradual decrease in the MTWA (mean temperature of the warmest month) values (from 20.5° to 17.5° C) (Figures 5 and 3 ) coinciding with the general trend of mid-latitude summer insolation reduction until at least 2000 cal yr BP ( Figure 5 ). Temperate forest reduction in parallel with a high-latitude summer insolation decrease is recorded by several marine pollen sequences from the Iberian margin during previous interglacial periods such as the Marine Isotopic Stages (MIS) 5, 7, 9 and 11 2007; Sánchez Goñi et al., 2005) . Furthermore, temperate and humid forest decrease during the Holocene also mimics the general decreasing trend observed in the δ
18
O-isotope composition of the NorthGRIP ice-core (Johnsen et al., 2001 ) ( Figure 5 ). The continuous decrease of seasonality follows the gradual increase of the precessional signal. Nonetheless the weak values in precession between 8855 and 8000 cal yr BP surprisingly coincides with an interval of particularly high seasonality suggesting that other mechanisms have probably amplified this precessional signal (see below). This suggests that long-term vegetation changes in the north-western France seem to respond directly to the Holocene orbital induced climatic variability on which human impact on vegetation was superimposed since at least 2000 cal yr BP. Studies on continental sequences from the Loire basin suggest that human impact in this region started during the end of the Mesolithic/beginning of the Neolithic (Visset el al., 2002) . However, the trends of forest destruction by humans seem to have been different in character, i.e. highly episodic. These results are in agreement with the previous suggestion that forest recession through the Holocene might be mainly the result of natural processes (Magri, 1995) . Previous studies of sea surface conditions of the North Atlantic and Mediterranean regions have shown an apparent long-term cooling trend that was driven by northern high latitudes summer insolation decreases during the Holocene (Marchal et al., 2002; Andersen et al., 2004; Moros et al., 2004) . Several climate models also suggest an orbitally-induced mechanism as the main forcing factor for the long-term climatic trend over the Holocene (Kutzbach and Gallimore, 1988; Crucifix et al., 2002; Weber and Oerlemans, 2003; Renssen et al., 2005) . Other authors (Lorenz et al., 2006) , have compared global alkenone-derived sea-surface temperature (SST) data with transient climate simulations using a coupled atmosphere-ocean general circulation model (AOGMC) for the last 7000 yr cal BP (less instable climate period) suggesting that mid-to late Holocene long-term SST trends were driven by insolation changes. The general cooling trend of the Holocene starts generally during or after the well known Holocene thermal maximum (HTM). However, the Holocene warming that defines the HTM occurred on different times depending of places (Kaufman et al., 2004) . Several studies on both North-Atlantic marine and Greenland ice cores detect the HTM period at the beginning of the Holocene (Andrews and Giraudeau, 2002; Marchal et al., 2002; Duplessy et al., 2001; Kaufman et al., 2004; Knudsen et al., 2004; de Vernal et al., 2005) while others point to a later climatic optimum (Dahl-Jensen et al., 1998; Bauch et al., 2001; Johnsen et al., 2001; Levac et al., 2001; Kaplan et al., 2002; Solignac et al., 2004; Kaufman et al., 2004; Keigwin et al., 2005) . Unfortunately "VK03-58Bis" shelf core does not cover the entire Holocene record. However, MTWA values were higher between 8855 and 8000 cal yr BP than between 8000 and 1000 cal yr BP contrasting with the MTCO (mean temperature of the coldest month) trends which show lower values during the late earlyHolocene than during the mid-and late-Holocene (Figures 4 and 5 ).
This strong seasonal contrast between 8855 and 8000 cal yr BP likely favoured the development of Corylus woodlands at the expense of deciduous Quercus forest although MTWA values were high. Mild (lower seasonality) conditions which allowed the expansion of deciduous Quercus forest in north-western France occurred roughly between 8000 and 4000 cal yr BP. This period has been considered as the HTM in the westernmost part of central Europe because MTWA reconstruction shows higher values than those from present-day (Davis et al., 2003) . Other pollen-based climate estimates obtained from several northern European pollen sequences such as Lake Raigastvere, Lake Viitna, Lake Ruila in Estonia and Lake Flarken in Sweden (Seppä and Poska, 2004; Seppä et al., 2005) show higher TANN (mean annual temperatures) values than present-day between 8000 and 4500 cal yr BP, reflecting the HTM in those regions. In contrast, our climate estimates do not detect either higher MTWA or TANN than present day values but reduced seasonality between 8000 and 4500 cal yr BP. Furthermore, the continuous presence of Fagus within this period also suggests (Tinner and Lotter, 2001) , besides a weak seasonality, cooler summers and moist conditions. Interestingly, the middle latitudes of western Europe were not submitted to particularly high temperatures between 8000 and 4500 cal yr BP, precluding the identification of the HTM in this region during the last 8850 cal yr BP.
Sub-orbital climate variability
Superimposed onto the orbitally induced long-term cooling pattern, pollen analysis and quantitative climate reconstructions from the "VK03-58Bis" shelf core detect sub-orbital climatic variability during the last 8850 cal yr BP (Figure 6 ).
The multi-centennial-scale climate cooling and the 8.2 ka event
The maximum expansion and subsequent decline of Corylus woodlands (between c. 8740-8060 cal yr BP), associated with a high seasonality episode in north-western France, occurred synchronously with the following event succession: the last stages of the Laurentide Ice sheet decay, the catastrophic final drainage episodes of the "glacial lakes Agassiz-Ojibway" (Clarke et al., 2004) into the Hudson Bay, at around 8470 cal yr BP (error range of 8160-8740 cal yr BP; Barber et al., 1999) , and the consequent 8.2 kyr event (Teller et al., 2002; Clarke et al., 2004) . The introduction of large amounts of freshwater into the North Atlantic (Alley et al., 1997; Clark et al., 2001 ) triggers an important decrease of sea surface temperatures (SST) earlier than the recorded isotopic signal of the 8.2 kyr event in the Greenland ice cores and lasting several centuries, between ~8900 to 8000 cal yr BP (Ellison et al., 2006) . This multicentennial SST cooling detected by the high resolution North Atlantic deep-sea core MD99-2251 ( Figure  1 ) occurred roughly contemporaneously with the climate cooling defined by Rohling and Pälike (2005) (~8600 and 8000 cal yr BP) (Ellison et al., 2006) . SST cooling (~8600 and 8000 cal yr BP) has also been observed in other regions of the North Atlantic such as over the Laurentian Fan (Keigwin et al., 2005) and in the north of Iceland (Knudsen et al., 2004) . The cooling and freshening of the surface ocean, that started at around 400-500 yr before the drastic 8.2 kyr event, is linked with the beginning of a long and gradual pattern of reduction in the flow speed of Iceland-Scotland Overflow water (ISOW), a component of the NADW, which attains the slowest flow speed at around 8290 yr cal BP and lasted 200 yr, concomitant with the 8.2 kyr event (Ellison et al., 2006) . The introduction of large amounts of freshwater favoured the reduction of the North Atlantic Deep Water (NADW) formation (Clark et al., 2001 ) and the consequent weakening of the conveyor belt (Barber et al., 1999; Rahmstorf, 2002; Renssen et al., 2001) . This mechanism has a great impact on the spread of winter sea-ice in the North Atlantic region playing an important role on seasonality increase (Denton et al., 2005) . We propose that the amplified signal of seasonality in north-western France has been driven by the final episodes of Agassiz and Ojibway outbursts, through the winter sea-ice expansion in the high latitudes of the North Atlantic region triggering the beginning of the maximum spread of Corylus woodlands ( at around c. 8740 cal yr BP).
The maximum Corylus woodland (c. 8740-8390 cal yr BP) expansion, related to colder winters, is almost synchronous with the T. communis level (c.8740-8490 cal yr BP) in "VK03-58Bis" shelf core (Figure 3 ) but also with its decline (c. 8480 and c. 8390 cal yr BP). T. communis can occur locally in the fine sandy beds of the south-western French shelf (Glemarec, 1969) although it is commonly found nowadays in the Boreal marine biogeographical zone of the north Atlantic region, between 50 and 68 °N (Figure 7) (Funder et al., 2002) . It is known that during the warmest phases of the early Eemian the boreal marine zone migrated further north through the Barents and Kara sea to the Taymyr (Funder et al., 2002) . On the contrary during the early Holocene and, in particular, between c. 8740-8480 cal yr BP (i.e. T. communis level), when the north Atlantic sea-ice cover most likely extended further south as the result of the decrease in winter temperatures, this Boreal biogeographical zone was probably deflected several degrees further south allowing the settlement of T. communis off north-western France. Between c. 8480 and c. 8390 cal yr BP a drastic environmental change triggered the T. communis death and the decrease of the dinocyst Lingulodinium machaerophorum (Figure 3 ). This change can not be due to the relatively low decrease (1-3° C) of Holocene SST (Bond et al., 1997) and salinity because both species tolerate great amplitude changes (Funder et al., 2002; Turon, 1984; Lewis and Hallet, 1997) . One regional event such as the opening of the English Channel (Figure 1 ) (9000-7500 cal yr BP, Lambeck, 1997; 8500-8400 cal yr BP, Jiang et al., 1997 ; 8600-8500 cal yr BP, Gyllencreutz and Kissel, 2006) could be the main trigger for T. communis mortality and Lingulodinium machaerophorum decline. Indeed the opening of the English Channel contributed to a drastic hydrological, sedimentological as well as biological change in the north-western France (Bourillet et al., 2005) which probably affected the benthic and planktic communities. The 8.2 kyr event is marked in north-western France by the drastic episode of Corylus forest decline (c. 8390-8060 cal yr BP) ( Figure 6 ) as already observed in central and northern Europe Lotter, 2001, 2006; Seppä and Poska, 2004; Veski et al., 2004; Seppä et al., 2005) . Contemporaneously with the Corylus forest decline, decreases in PANN and MTCO (of about 100 mm, 2°C) are observed and seasonality remains high in north-western France (Figure 6 ). A modelling-data comparison (Wiersma and Renssen, 2005) and pollen-based quantitative climate estimates from Europe (Davis et al., 2003) also show a temperature reduction of at least 1°C. The drastic MOC (Meridional Overturning Circulation) reduction at 8.2 kyr BP, associated with the slowest flow of the ISOW (Iceland-Scotland Overflow Water) (Ellison et al., 2006) , has probably amplified the signal of the Greenland isotopic record contributing to the European temperature decrease which favoured the decline of the Corylus trees not only in north-western France but also in Central and Northern Europe. Following the 8.2 kyr event, the decrease of seasonality favours the deciduous Quercus expansion at the expense of Corylus woodlands. Furthermore, our data suggests a complex pattern of annual precipitation in north-western France during the multi-centennial cooling that encompasses the 8.2 kyr event (Figures 4 and 6) . High annual precipitations characterise the beginning and the end phases of this cooling episode bracketing a drier period. Lake level changes in Lake Annecy reveal the same complex pattern around the 8.2 kyr event with two high levels separated by a low one (Magny et al., 2003) . Furthermore, these high lake levels, interpreted by the authors as two episodes of high precipitation, are associated with relatively low MTWA values (Magny et al., 2003; Magny and Bégeot, 2004) .
Other possible millennial-scale cooling episodes
After the final episodes of the Agassiz and Ojibway outburst flooding climate became more stable and therefore millennial-scale climatic events are less evident during the mid-and late-Holocene. Quantitative climate estimates from "VK03-58Bis" show several small amplitude millennial-scale cooling episodes between the 8.2 kyr event and 2 000 yr cal BP (Figure 6 ). The climate variability over the last 2 000 yr is probably masked by human impact. Cooling events are marked in most cases by an increase of precipitation values and seasonality as well as by a slight decrease of MTCO values. Because we only have two radiocarbon-dated levels for the last 8000 years it is difficult to correlate our events with other well dated and worldwide cooling episodes (Mayewski et al., 2004) . Nonetheless, these events may be linked with the SST coolings detected in the North Atlantic (Bond et al., 1997; and with some of the ten high lake levels identified in several mid-European lacustrine records that occurred after the 8.2 kyr event (Magny, 2004) . However further research is needed to investigate this linkage.
Conclusions
High resolution pollen analysis and quantitative climate reconstruction from "VK03-58Bis" shelf core allow the detection of a small-amplitude long-term cooling pattern as well as millennial-scale climate variability over the last 8850 years in north-western France: -Both the gradual decrease of temperate and humid trees and MTWA (mean temperature of the warmest month) values follow the general trend of northern mid-latitude summer insolation reduction until at least 2000 cal yr BP. The general trend of seasonality decrease follows the gradual increase of the precession index; -The high seasonality conditions of north-western France (between c. 8740-8060 cal yr BP) was concomitant with the multi-centennial-scale climate cooling encompassing the 8.2 kyr event. Orbitally induced colder winters were probably amplified by the increase of winter sea-ice cover in the high latitudes of the north Atlantic as the result of the final episodes of Agassiz and Ojibway outbursts and consequent gradual reduction of the MOC (Meridional Overturning Circulation). This increase of seasonality favoured the spread of Corylus woodlands at the expense of the deciduous Quercus forest between c. 8740-8390 cal yr BP.
-Superimposed on the multi-centennial-scale climate event an extreme winter cooling triggered the Corylus tree decline (c. 8390-8060 cal yr BP) in north-western France and has been identified and related to the short-lived 8.2 kyr cooling event. Although seasonality remains important, winter temperature over Europe and Greenland dropped due to the final drastic MOC reduction associated with slowest flow of the ISOW (Iceland-Scotland Overflow Water); -We have detected a complex pattern in annual precipitation within the multi-centennial-scale cooling (between c. 8740-8060 cal yr BP): a relatively dry period in north-western France was sandwiched by two episodes of increased moisture availability; -our study also suggests several small amplitude millennial-scale cooling events after the 8.2 kyr event marked by an increase of PANN and seasonality as well as by a slight decrease of MTCO (mean temperature of the coldest month) values. Finally, the high abundance of the marine mollusc T. communis between c. 8740-8480 cal yr BP points to the migration of the Boreal biogeographical zone several degrees further south, during the first part of the multi-centennial cooling episode. T. communis death and the decrease of the Lingulodinium machaerophorum dinocyst, between c. 8480 and c. 8390 cal yr BP, was most probably triggered by the opening of the English Channel. Tables   Table I. Radiocarbon ages from "VK03-58Bis" and "VK03-58" and "VK03-59Bis" shelf cores. Figures captions Figure 1 . Location of shelf cores: A) "VK03-58Bis" and "VK03-58"; B) "VK03-58Bis"; and deep-sea core MD99-2551 (Ellison et al., 2006) . O-isotope composition of the NorthGRIP icecore (Johnsen et al., 2001 ) during the Holocene. Temperate and humid trees include: Acer, Alnus, Betula, Corylus, Cupressaceae, deciduous Quercus, Fagus, Fraxinus excelsior-type, Pinus, Quercus ilex-type, Salix, Tilia and Ulmus while Brassicaceae, Caryophyllaceae, Asteraceae (including Aster-and Anthemistypes) and Taraxacum-type, Cyperaceae, Ericaceae and Calluna, Plantago, Poaceae and semi-desert plants (including Chenopodiaceae, Artemisia and Ephedra) are integrated in the herbaceous plants association. . Present day and past marine biogeographical zones in the North-East Atlantic (adapted from Funder et al., 2002) . Bold dashed lines represent the limits of the present-day marine biogeographical zones in the North-East Atlantic; Grey dashed lines represent: a) the northward displacement of the boreal southern limit during the early Eemian (Funder et al., 2002) and b) the southward displacement of the boreal southern limit during the during 8.6-8.0 kyr event (this work).
